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vj,mw(|xi,s − xj,m|, h) (3.2)



































m0j,sw(|xi,m − xj,s|, h) (3.4)









ςΟΫϧʹ͔͔Δྗ f i,sΛܭࢉ͢Δɽৄࡉ͸ §3.2Ͱड़΂Δɽ
4. SlaveύʔςΟΫϧ଎౓ͷܭࢉ
มܗʹΑ͔͔ͬͯΔྗ͔ΒύʔςΟΫϧͷ଎౓ΛٻΊΔͨΊʹɼ3ͰٻΊͨྗ f i,s͔
















(vni,m − vn+1j,s )(xni,m − xnj,s)Tw(|xi,m − xj,s|, h) (3.7)
10
(a) (b)













w(|xi,m − xj,s|, h)‖vˆi,m − vn+1j,s ‖2 (3.8)
vn+1i,m = (1− α)vni,m + αvˆi,m (3.9)






















ςΟΫϧ j,mͷ΋ͭ஄ੑมܗޯ഑FEj,m ͱ઼ੑมܗޯ഑FPj,m ͔Β SlaveύʔςΟΫϧʹ͔
͔Δྗ f i,s͸ҎԼͷࣜ (3.11)Ͱܭࢉ͞ΕΔɽ
f i,s = −
∑
j,m
V nj,mσj,m∇w(|xi,s − xj,m|, h) (3.11)
͜͜ͰɼMasterύʔςΟΫϧͷ nεςοϓ໨ʹ͓͚Δମੵ V nj,mͱɼίʔγʔԠྗ σj,m͸ɼ












ͱܭࢉ͢Δɽ͜͜ͰɼJnj,m = det(FEj,mFPj,m)Ͱ Ψ(FE ,FP )͸จݙ [14]Ͱఆٛ͞Ε͍ͯΔ
஄઼ੑΤωϧΪʔີ౓ؔ਺ͰҎԼͷࣜͰܭࢉ͞ΕΔɽ
Ψ(FE ,FP ) = μ(FP )‖FE −RE‖2F +
λ(FP )
2
(JE − 1)2 (3.14)
͜͜Ͱ μ(FP )ɼλ(FP )ɼJEɼJP ͸ҎԼͷΑ͏ʹఆٛ͞ΕΔɽ
μ(FP ) = μ0e
ξ(1−JP ) , λ(FP ) = λ0eξ(1−JP ) (3.15)
JE = det(FE) , JP = det(FP ) (3.16)
·ͨɼRE ͸FE ͷճస੒෼Ͱ͋ΓɼFE = RESE ͷۃ෼ղʹΑͬͯٻΊΒΕΔɽ࣮ࡍͷܭ
ࢉͰ࢖͑ΔΑ͏ʹࣜ (3.13)Λ͞Βʹల։͍ͯ͘͠ɽ·ͣɼࣜ (3.14)ͷӈลʹ͋Δϑϩϕχ΢










= tr(FTF)− tr ((RTF)T )− tr (RTF)+ tr(RTR)
ͱͳΔɽ͜͜Ͱɼtr(A) = tr(AT )ͳͷͰ
‖F−R‖2F = tr(FTF)− 2tr(RTF) + tr(RTR) (3.17)
ͱͳΔɽΑͬͯɼ஄઼ੑΤωϧΪʔີ౓ؔ਺Ψ͸ҎԼͷΑ͏ʹࣜมܗ͢Δ͜ͱ͕Ͱ͖Δɽ
Ψ(FE ,FP ) = μ tr(F
T





͜͜ͰɼࣜදࣔΛ؆୯Խ͢ΔͨΊʹ μ(FP )Λ μɼλ(FP )Λ λͱॻ͍͍ͯΔɽίʔγʔԠྗ




































(ii) = 2μRE (3.21)
(iv) = λ (det(FE)− 1) ∂ detFE
∂FE
= λ (det(FE)− 1) det(FE)(F−1E )T


















(JE − 1)JEI (3.24)
ͱͳΔɽ͜ͷͱ͖ I͸୯ҐߦྻͰ͋Δɽ஄ੑมܗޯ഑FE ͱ઼ੑมܗޯ഑FP ͸୯ҐߦྻͰ
ॳظԽ͓͖ͯ͠ɼ§3.4ʹࣔ͢ํ๏Ͱߋ৽͢Δɽ
3.3 SlaveύʔςΟΫϧ଎౓ͷܭࢉ






i,s f i,s (3.25)



















1 is = js










2: r0 = b−Au0
3: p0 = r0
4: for k = 0, 1, 2 · · · do
5: yk = Apk
6: αk = r
k·rk
pk·yk
7: uk+1 = uk + αkpk
8: rk+1 = rk − αkyk




12: β = r
k+1·rk+1
rk·rk
13: pk+1 = rk+1 + βpk
14: end for
Algorithm 1͔ΒΘ͔ΔΑ͏ʹɼߦྻA͕ಠཱͯ͋͠ΒΘΕΔ͜ͱ͸ͳ͘೚ҙͷϕΫτ
ϧ uͱͷੵ AuΛܭࢉ͢Δ͜ͱͰઢܗγεςϜΛղ͘͜ͱ͕Ͱ͖Δɽࣜ (3.26)ʹ͓͍ͯɼ










































































Δtvj,s(∇w(|xj,s − xj,m|, h))TFEj,m
⎞
⎠ (3.32)






































(JF−T ) : δF
15
ӈลͷ δFʹ͍ͭͯ͸ࣜ (3.33)Λ༻͍ͯܭࢉ͢Δ͜ͱ͕Ͱ͖ΔͷͰɼ ∂
∂F(JF
−T )ͷ۩ମతͳ




f11f22 − f12f21 f12f20 − f10f22 f10f21 − f11f20
f02f21 − f01f22 f00f22 − f02f20 f01f20 − f00f21
f01f12 − f02f11 f02f10 − f00f12 f00f11 − f01f10
⎞
⎟⎠ (3.35)





























−T )͸ 3× 3



































(f11f22 − f12f21) ∂∂f01 (f11f22 − f12f21) ∂∂f02 (f11f22 − f12f21)
∂
∂f10
(f11f22 − f12f21) ∂∂f11 (f11f22 − f12f21) ∂∂f12 (f11f22 − f12f21)
∂
∂f20













































































































































ۃ෼ղ F = RS͔Β
δF = δRS+RδS
͕ಋ͖ग़ͤΔɽ͞ΒʹɼࣜมܗΛߦ͏ɽ
RT δF = RT (δRS+RδS)
= (RT δR)S+ δS (3.40)
RT δF− δFTR = (RT δR)S+ δS− δFTR
= (RT δR)S+ δS− (δRS+RδS)TR
= (RT δR)S+ δS− (δRS)TR− (RδS)TR
= (RT δR)S+ δS− ST (RT δR)T − δSɹ
= (RT δR)S− ST (RT δR)T (3.41)
͜͜ͰɼS͸ରশߦྻͳͷͰ S = STɼRT δR͸ަ୅ߦྻͳͷͰ (RT δR)T = −(RT δR)Ͱ
͋Δ͜ͱ͔Βࣜ (3.41)͸
RT δF− δFTR = (RT δR)S+ S(RT δR)T (3.42)
ͱͳΔɽࣜ (3.42)ͷࠨลʹ͍ͭͯ΋ަ୅ߦྻͱͳΔͷͰɼͦΕͧΕΛҎԼͷΑ͏ʹఆٛ͢Δɽ























































as10 + bs20 as11 + bs21 as12 + bs22
−as00 + cs12 −as01 + cs21 −as02 + cs22






−as01 − bs02 as00 − cs02 bs00 + cs01
−as11 − bs12 as10 − cs12 bs10 + cs11














as11 + bs21 + as00 − cs02
as12 + bs22 + bs00 + cs01






(s00 + s11)a+ s21b− s02c
s12a+ (s00 + s22)b+ s01c






s00 + s11 s21 −s02
s12 s00 + s22 s01










ͱͳΔɽ(d, e, f)͸ δF,R͔Βط஌ͷม਺ͱͯ͠ɼࣜ (3.46)ͷ 3× 3ͷઢܗγεςϜ͔Βະ




มܗޯ഑ FE ͱ઼ੑมܗޯ഑ FP ʹ෼͚Δ͜ͱͰ͖Δɽ
F = FEFP (3.47)
ఏҊख๏Ͱ͸ɼੜͨ͡มܗ͕͢΂ͯ஄ੑมܗͰ͋Δͱͯ͠Ծఆͯ͠ܭࢉͨ͠ޙɼ߱෬఺Λ௒
͑Δมܗ͕ੜͨ͡৔߹ʹɼͦͷ෼ͷมܗΛ઼ੑมܗͱ͢Δํ๏Λ༻͍Δɽ















































vrel = v − vcol (3.53)
͜͜Ͱɼ







(a) vn = vrel · n ≥ 0ͷ৔߹ (b) vn = vrel · n < 0ͷ৔߹
ਤ 3.4: িಥ࣌ͷ֤ϕΫτϧͷؔ܎
૬ର଎౓ vrel͔Βিಥ໘ʹରͯ͠઀ઢํ޲੒෼ vtͷΈΛऔΓग़͢ɽ
























(a) SlaveύʔςΟΫϧͳ͠ (b) SlaveύʔςΟΫϧ͋Γ
ਤ 3.5: ࣮ࡍͷMasterύʔςΟΫϧ (੨)ͱ SlaveύʔςΟΫϧ (྘)ͷ༷ࢠ
ਤ 3.6: MasterύʔςΟΫϧ͕Ҡಈͨ͠Β SlaveύʔςΟΫϧ΋෇ਵͯ͠Ҡಈ͢Δྫ
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Θͤͯ SlaveύʔςΟΫϧΛҠಈͤ͞ΔɽSlaveύʔςΟΫϧΛ௥ैͤ͞ΔͨΊʹɼ·ͣɼࣜ









j,m w(|xi,s − xj,m|, h) (3.58)












ਤ 3.7: ෼཭ͨ͠ͱ͖ʹɼࠨଆͷMasterύʔςΟΫϧʹ੺࿮Ͱғ·Εͨ SlaveύʔςΟΫ
ϧ͕௥ै͠ɼ੨࿮෦෼Ͱ SlaveύʔςΟΫϧͷෆ଍͕ൃੜ͢Δ

































֤ SlaveύʔςΟΫϧʹ͍ͭͯɼ༗ޮ൒ܘ 2h಺ͷ SlaveύʔςΟΫϧͱͷڑ཭͕ 0.15hΑΓ
খ͘͞ͳͬͨͱ͖ɼยํͷ SlaveύʔςΟΫϧΛ࡟আ͢Δɽ








CPU Intel Corei7-4930K 3.40GHz
Memory 16GB






















λΠϜεςοϓ෯Δt = 0.05× 10−3[sec]Ͱ SlaveύʔςΟΫϧͳ͠Ͱ࣮ݧΛߦͬͨ݁ՌΛਤ
4.1ʹࣔ͢ɽλΠϜεςοϓ෯Δt = 0.5× 10−3[sec]Ͱ SlaveύʔςΟΫϧ͋ΓͰ࣮ݧΛߦͬ




ݧΛߦͬͨɽਤ 4.3ʹλΠϜεςοϓ෯Δt = 0.5× 10−3[sec]͔ΒΔt = 0.9× 10−3[sec]·Ͱ









λΠϜεςοϓ෯ʹΑΔ҆ఆੑͷมԽʹ͍ͭͯɼਤ 4.3(b)ʹࣔͨ͠Δt = 0.6× 10−3[sec]
ͷܭࢉ݁Ռ͸ਤ 4.3(a)ʹࣔͨ͠Δt = 0.5× 10−3[sec]ͷ݁Ռͱಉ౳ͷ݁Ռ͕ಘΒΕ͍ͯΔ͜




࠷େλΠϜεςοϓ෯͸Δt = 0.6× 10−−3[sec]Ͱ͋Δͱ͍͑Δɽ
25
(a) f = 1 (b) f = 20
(c) f = 35 (d) f = 38
(e) f = 39 (f) f = 40
ਤ 4.1: SlaveύʔςΟΫϧͳ͠ͷγϛϡϨʔγϣϯ݁Ռ
26
(a) f = 1 (b) f = 30
(c) f = 60 (d) f = 90
(e) f = 120 (f) f = 150
ਤ 4.2: SlaveύʔςΟΫϧ͋ΓͷγϛϡϨʔγϣϯ݁Ռ
27
(a) Δt = 0.5× 10−3
(b) Δt = 0.6× 10−3 (c) Δt = 0.7× 10−3
(d) Δt = 0.8× 10−3 (e) Δt = 0.9× 10−3
ਤ 4.3: λΠϜεςοϓ෯ʹΑΔ҆ఆੑͷൺֱ݁Ռ
28
(a) Δt = 0.5× 10−3 (b) Δt = 0.7× 10−3
(c) Δt = 0.8× 10−3 (d) Δt = 0.9× 10−3
ਤ 4.4: Δt = 0.5×10−3[sec]Ͱ͸੺࿮Ͱғͬͨ෦෼Ͱੜ͍ͯ͡ͳ͍มܗ͕Δt = 0.7×10−3













γϛϡϨʔγϣϯ ϙΞιϯൺ Ϡϯά཰ [Pa]
Soft Elastic (ਤ 4.5) 0.4 1.0× 106
Hard Elastic (ਤ 4.6) 0.3 6.9× 107
࣮ݧ݁Ռ





Soft Elastic (ਤ 4.5) 0.968








(a) f = 1 (b) f = 15 (c) f = 30 (d) f = 45
(e) f = 60 (f) f = 75 (g) f = 90 (h) f = 105
ਤ 4.5: Soft Elastic
(a) f = 1 (b) f = 15 (c) f = 30 (d) f = 45
(e) f = 60 (f) f = 75 (g) f = 90 (h) f = 105













γϛϡϨʔγϣϯ ϙΞιϯൺ Ϡϯά཰ [Pa] ߱෬఺ θc ߱෬఺ θs
Low Plastic (ਤ 4.7) 0.2 1.4× 105 2.5× 10−2 4.5× 10−3
High Plastic (ਤ 4.8) 0.2 1.4× 105 2.5× 10−3 7.5× 10−4
࣮ݧ݁Ռ





Low Plastic (ਤ 4.7) 0.628







(a) f = 1 (b) f = 20 (c) f = 40 (d) f = 60
(e) f = 80 (f) f = 100 (g) f = 120 (h) f = 140
ਤ 4.7: Low Plastic
(a) f = 1 (b) f = 20 (c) f = 40 (d) f = 60
(e) f = 80 (f) f = 100 (g) f = 120 (h) f = 140











ύʔςΟΫϧ਺ 20242ݸɼλΠϜεςοϓ෯ 0.5 × 10−3[sec]ͱͨ͠ɽ࣮ݧͰ༻͍֤ͨύϥ
ϝʔλΛද 4.7ʹࣔ͢ɽ
ද 4.7: ΞϧϚδϩϞσϧΛ༻͍ͨγϛϡϨʔγϣϯͷύϥϝʔλ
γϛϡϨʔγϣϯ ϙΞιϯൺ Ϡϯά཰ [Pa] ߱෬఺ θc ߱෬఺ θs
Elastic Armadillo (ਤ 4.9) 0.35 5.0× 107 ͳ͠ ͳ͠
Elastoplastic Armadillo (ਤ 4.10) 0.25 5.0× 105 0.05 0.5
࣮ݧ݁Ռ





Elastic Armadillo (ਤ 4.9) 2.37






(a) f = 1 (b) f = 24
(c) f = 48 (d) f = 72
(e) f = 96 (f) f = 120
(g) f = 144 (h) f = 168
ਤ 4.9: Elastic Armadillo
35
(a) f = 1 (b) f = 24
(c) f = 48 (d) f = 72
(e) f = 96 (f) f = 120
(g) f = 144 (h) f = 168






















γʔϯ ϙΞιϯൺ Ϡϯά཰ [Pa] ߱෬఺ θc ߱෬఺ θs
γʔϯ 1 (ਤ 4.11) 0.4 2.0× 107 2.5× 10−3 7.5× 10−4
γʔϯ 2 : Low Plastic (ਤ 4.12) 0.25 1.2× 106 0.75 0.1
γʔϯ 2 : High Plastic (ਤ 4.13) 0.45 2.0× 105 0.2 0.05
γʔϯ 3 (ਤ 4.14) 0.35 1.2× 106 0.8 0.1
࣮ݧ݁Ռ




γʔϯ 1 (ਤ 4.11) 1.264
γʔϯ 2 : Low Plastic (ਤ 4.12) 7.028
γʔϯ 2 : High Plastic (ਤ 4.13) 4.649





















(a) f = 1 (b) f = 24
(c) f = 48 (d) f = 72
(e) f = 96 (f) f = 120
(g) f = 144 (h) f = 168
ਤ 4.11: γʔϯ 1
39
(a) f = 1 (b) f = 25
(c) f = 50 (d) f = 75
(e) f = 100 (f) f = 125
(g) f = 150 (h) f = 175
ਤ 4.12: γʔϯ 2 : Low Plastic
40
(a) f = 1 (b) f = 25
(c) f = 50 (d) f = 75
(e) f = 100 (f) f = 125
(g) f = 150 (h) f = 175
ਤ 4.13: γʔϯ 2 : High Plastic
41
(a) f = 1 (b) f = 35
(c) f = 70 (d) f = 105
(e) f = 140 (f) f = 175
(g) f = 210 (h) f = 245
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